Westbury, N.Y.). Body weights of adult mice and growth rates of newborn mice between 4 and 8 weeks of age were compared with weights of GF control mice.
Alimentary tract colonization. Probiotic and C. albicans colonization of the alimentary tracts of mice was assayed by counting colonies of viable probiotic bacteria (CFU) recovered from feces and from the contents of the stomach, small intestines, cecum, and colon. The contents of the intestines were washed out with sterile distilled water and serially diluted, and 50-l aliquots were inoculated onto SDA and MRS agar plates. The MRS plates were incubated anaerobically overnight at 37°C. A 1-ml aliquot of undiluted suspension of intestinal contents was dried overnight (80°C) in a tared aluminum weighing dish. The dried dishes were cooled to room temperature and weighed. The numbers of C. albicans and probiotic bacteria are reported as log 10 CFU/gram (dry weight) of contents. The pH values of alimentary tract washings were measured with a pH meter and a glass combination electrode (Fisher Scientific Co., Chicago, Ill.).
The spleen, liver, and kidneys were aseptically excised, homogenized in glass tissue grinders with 5 ml of sterile distilled water, serially diluted, and cultured on SDA or anaerobic MRS agar plates overnight at 37°C to assess systemic dissemination of C. albicans and the probiotics. One milliliter of the tissue homogenate was dried (80°C) overnight to attain the dry weight of the inoculum. The number (CFU) of C. albicans in the internal organs is reported as log 10 CFU/gram (dry weight) tissue.
Histology. The alimentary tracts and major internal organs of the mice were fixed in 10% formaldehyde in pH 7.4 phosphate-buffered saline (PBS). The fixed tissues were dissected and embedded in paraffin. Five-micrometer sections were placed onto slides and stained with hematoxylin and eosin or a Gram stain. Tissue sections that were taken from representative areas of the alimentary tracts (tongue, palate, esophagus, stomach, small intestine, large intestine, cecum, and colon) and the major internal organs were evaluated by a pathologist for evidence of infection by using the following criteria. Histopathology in infected tissues was scored as follows: 1, 1 to 10 microorganisms (yeast cells and hyphae of C. albicans)/high power field at a magnification of ϫ400 (HPF); 2, 10 to 50 microorganisms/HPF; 3, 50 to 100 microorganisms/HPF; 4, confluent microorganisms/HPF; and 5, confluent microorganisms/HPF with hyphal penetration of viable tissues (yeast cells and hyphae of C. albicans). Inflammation, the accumulation of polymorphonuclear and mononuclear cells at mucosal sites of C. albicans invasion, was assessed by microscopic examination of hematoxylin-andeosin-stained sections of infected gastric tissues from four to six bg/bg-nu/nu mice that were either monoassociated with C. albicans or diassociated with C. albicans and a probiotic bacterium species. Photomicrographs were produced with an Optiphot microscope (Nikon Inc., Melville, N.Y.) equipped with a Nikon DX-100M automatic camera and a Sony CCD camera attached to a Targa frame grabber (Truevision, Inc., Indianapolis, Ind.) with Image Pro Plus imaging software (Media Cybernetics, Silver Spring, Md.).
Immune response to C. albicans and probiotics. Immunoglobulin G (IgG), IgA, and IgM concentrations in serum were determined by commercial radial immunodiffusion assays as specified by the manufacturer (The Binding Site, San Diego, Calif.). Western immunblotting was used to evaluate the serum antibody responses to antigens from C. albicans (35) .
Antigens were prepared from 48-h aerobic cultures of C. albicans for Western blot and lymphocyte proliferation assays (5, 35) . Antigens were also prepared from 48-h anaerobic cultures of L. casei and B. animalis for lymphocyte proliferation assays. Briefly, the entire volume of a 500-ml culture was centrifuged at 2,000 ϫ g for 15 min. The fungal or bacterial pellets were washed three times with an equal volume of PBS and centrifuged again. The final fungal or bacterial pellet was resuspended in 10 ml of PBS and passed through a French pressure cell (SLM/AMINCO, Urbana, Ill.) at 15,000 lb/in 2 to disrupt the fungi or bacteria. The disrupted fungi or bacteria were centrifuged at 2,000 ϫ g, and the protein content of the supernatant was determined by the bicinchoninic acid protein assay (Pierce Chemical Co., Rockford, Ill.) and used as antigen for Western blot analyses and lymphocyte proliferation assays. Antigen preparations (200 g) from C. albicans were applied to a single gel-wide lane of a denaturing 4 to 20% polyacrylamide minigel and electrophoresed at 35 mA until the bromphenol blue tracking dye reached the end of the gel. The separated antigens were electroblotted from the gel onto a nitrocellulose membrane, which was incubated in Tris-buffered saline (TBS)-Tween buffer (0.01 M Tris, 0.15 M NaCl, 0.2% Tween [polyoxyethylene sorbitan monolaurate; Sigma Chemical, St. Louis, Mo.]) and 5% powdered milk for 30 min to block nonspecific antibody binding sites. Pooled serum samples from mice colonized with C. albicans and probiotic bacteria were diluted 1:20 in TBS-Tween buffer and 1% powdered milk and incubated in lanes on blots with a miniblotter-16 manfold (Immunetics, Cambridge, Mass.) for 2 h. The blots were washed with TBS-Tween buffer and incubated for 1 h with alkaline phosphatose-conjugated goat antiserum to mouse IgG, IgA, and IgM (Zymed) diluted 1:1,000. The nitrocellulose membranes were incubated with nitroblue tetrazolium-5-bromo-4-chloro-3-indolylphosphate substrate solutions (Sigma) until bands appeared.
Lymphocyte proliferation assays were performed with the CellTiter Aqueous 96 proliferation assay (Promega, Madison, Wis.). Lymphocytes from the spleens of GF, C. albicans-monoassociated, or C. albicans and probiotic-colonized mice were prepared and incubated at a density of 5 ϫ 10 5 cells/well in a 96-well culture plate containing mitogens and antigens for 56 h at 37°C in 5% CO 2 . Each mitogen or antigen was added to three wells with spleen cells at the following optimal concentrations: 10 g of lipopolysaccharide (LPS) (Sigma)/well, 0.5 g of concanavalin A (Sigma)/well, 10 g of antigen preparation from C. albicans, or 2 g of antigen preparation from L. casei or B. animalis. The proliferation of lymphocytes in response to mitogens or antigens was proportional to the reduction of MTS [3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfonyl)-2H-tetrazolium] after a 2-h incubation at 37°C and 5% CO 2 . The reduced MTS was quantified as the spectrophotometic absorbance at a wavelength of 490 nm with a plate reader (Dynatech Laboratories, Inc., Chantilly, Va.). The A 490 values of three wells per lymphocyte sample from each of three mice were used to calculate the mean Ϯ standard error of the mean (SEM).
Statistical analyses. Statistical analyses of these data were performed by Dennis Heisey, Department of Surgery, University of Wisconsin Medical School, with SAS software (31) .
Kaplan-Meier survival curves were generated to assess the significance of observed differences between the survival of bg/bg-nu/nu mice colonized with C. albicans and that of bg/bg-nu/nu mice colonized with C. albicans and a probiotic bacterium species. Differences between the curves were tested with the log rank test (33) . Repeated measures analysis of variance (ANOVA) was used to test for differences in numbers of viable C. albicans in the alimentary tracts or internal organs of mice from the various treatment groups. The data were log transformed to better meet the assumptions of ANOVA. Two-way ANOVA, with factors of treatment group and sex, was employed to detect significant differences in the body weights of probiotic-colonized adult and neonatal mice and to assess significant differences between histopathology severity scores for tissue sections from mice with mucosal candidiasis.
RESULTS
Probiotic suppression of C. albicans colonization. Weekly cultures of feces from bg/bg-nu/nu and bg/bg-nu/ϩ mice housed in gnotobiotic isolators were used to verify that each group of 
Significantly fewer CFU than in C. albicans-monoassociated mice (P was Ͻ0.05).
b Significantly fewer CFU than in C. albicans-monoassociated mice (P was Ͻ0.01). c Only one mouse was analyzed due to rapid mortality in this group. d Significantly fewer CFU than in C. albicans-monoassociated mice (P was Ͻ0.001). e For groups of 4 to 21 mice 4 to 8 weeks after colonization.
mice was continuously colonized with either C. albicans alone or with C. albicans and one of the probiotic bacteria species. In euthymic bg/bg-nu/ϩ mice, L. casei GG and B. animalis significantly inhibited C. albicans throughout the alimentary tract. We recovered as much as 100-fold-fewer CFU of C. albicans in diassociated mice than in C. albicans-monoassociated mice ( Table 1) . As shown in Table 1 , the number of CFU of C. albicans in the stomachs, small intestines, and colons of bg/bgnu/nu mice diassociated with L. acidophilus and C. albicans was significantly decreased compared with the number in C. albicans-monoassociated bg/bg-nu/nu mice. The number of viable C. albicans was reduced by L. casei GG in the ceca, colons, and feces and by B. animalis in the stomachs, ceca, colons, and feces of bg/bg-nu/nu mice. Neither C. albicans nor any of the probiotic bacteria species was eliminated from the alimentary tracts of the mice over the 12-week study. C. albicans did not appear to affect the capacity of probiotic bacteria to colonize bg/bg-nu/nu or bg/bg-nu/ϩ mice, because the numbers of the probiotic bacteria cultured from C. albicans-and probiotic bacteria-diassociated mice were very similar to the number cultured from mice monoassociated with a pure culture of the probiotic bacteria (35) . Probiotic inhibition of systemic candidiasis. Compared to C. albicans dissemination in mice colonized with only C. albicans (75% dissemination in bg/bg-nu/nu mice and 36% dissemination in bg/bg-nu/ϩ mice), the presence of probiotic bacteria in the alimentary tract reduced the incidence of disseminated candidiasis in both mouse strains (Table 2) . Generally, dissemination of C. albicans was greater in bg/bg-nu/nu mice than in bg/bg-nu/ϩ mice; however, with L. casei GG the dissemination in euthymic mice was greater than that in athymic mice (Table  2) . Overall, these results suggest that thymic and extrathymic immune mechanisms play a role in controlling C. albicans dissemination from the alimentary tract (Table 2) .
In this study, we also observed that L. acidophilus, L. casei GG, and B. animalis disseminated to internal organs in 4 to 12% of the probiotic-and C. albicans-colonized mice. The presence of C. albicans in the intestinal tract reduced the incidence of dissemination from 30 to 55% (previously reported for mice monoassociated with a probiotic bacterium species [35] ) to 4 to 12%.
Orogastric candidiasis in mice colonized with C. albicans and probiotic bacteria. A significant reduction in the incidence and severity of orogastric candidiasis was observed in bg/bgnu/ϩ mice, but not in bg/bg-nu/nu mice, colonized with C. albicans and B. animalis (Table 3 ). The severity of candidiasis in orogastric tissues (measured as numbers of C. albicans observed in keratinized epithelia of the upper alimentary tract) in bg/bg-nu/nu mice diassociated with C. albicans and L. acidophilus, L. reuteri, or L. casei GG was not significantly less than that in mice monoassociated with C. albicans (Table 3) .
Inflammation (increased polymorphonuclear leukocyte, monocyte, and lymphocyte infiltration) was evident in C. albicansinfected tissues. The presence of L. acidophilus or B. animalis appeared to increase the incidence of inflammation at sites of C. albicans infection. For example, 75% of bg/bg-nu/nu mice diassociated with C. albicans and L. acidophilus and 100% of the mice colonized with C. albicans and B. animalis had inflammation of their infected gastric tissues, whereas only 30% of C. albicans-monoassociated bg/bg-nu/nu mice had an obvious inflammatory response in their infected gastric tissues (Fig. 1) .
Probiotic bacteria protect immunodeficient mice from lethal candidiasis. All adult bg/bg-nu/nu mice died within 2 to 8 weeks after colonization with a pure culture of C. albicans (Table 4) . In contrast, all adult bg/bg-nu/ϩ mice survived monoassociation with C. albicans. The survival of adult bg/bgnu/nu mice was significantly prolonged in mice diassociated with C. albicans and L. acidophilus or B. animalis compared to the survival of C. albicans-monoassociated bg/bg-nu/nu mice ( Table 4) .
All bg/bg-nu/nu mice born to dams that were monoassociated with C. albicans died at less than 4 weeks of age. Survival of bg/bg-nu/nu pups born to dams colonized with C. albicans and a probiotic bacterium species was significantly prolonged compared to that of C. albicans-monoassociated mice (Table  4 ). More protection from lethality was afforded to pups by L. acidophilus or B. animalis than by L. reuteri or L. casei GG ( Table 4) .
Effects of probiotic bacteria on growth of C. albicans-colonized mice. Adult GF bg/bg-nu/nu mice colonized 4 to 12 weeks with C. albicans had lower body weights than GF control mice (Table 5) . Generally, adult bg/bg-nu/ϩ mice maintained their body weights (compared to GF mice) when colonized with C. albicans alone or with a probiotic bacterium species and 
C. albicans; only bg/bg-nu/ϩ males diassociated with C. albicans and L. acidophilus had significantly smaller body weights.
Due to their early deaths, the body weights of bg/bg-nu/nu mice born to dams colonized with a pure culture of C. albicans, were not compared with the weights of pups born to dams colonized with C. albicans and a probiotic. Euthymic bg/bgnu/ϩ mice born to dams monoassociated with C. albicans weighed significantly less at 4 and 8 weeks of age than comparable GF mice ( Table 6 ). The euthymic bg/bg-nu/ϩ pups born to dams diassociated with C. albicans and a probiotic bacterium species weighed significantly less than GF pups at 4 weeks of age, but by 8 weeks their body weights were comparable to those of GF controls.
Modulation of host immune responses to C. albicans by probiotic bacteria. Ig isotypes (IgG, IgA, and IgM) were quantified in sera from mice colonized for 4 weeks with C. albicans or with C. albicans and a probiotic bacterium species (Table 7) . Athymic bg/bg-nu/nu mice did not produce significant levels of serum IgA except when colonized with C. albicans and B. animalis; however, serum IgG and IgM were also significantly increased in bg/bg-nu/nu mice colonized with C. albicans and B. animalis. Only IgM was increased in L. casei GG-and C. albicans-colonized bg/bg-nu/nu mice. Interestingly, we observed that the presence of L. acidophilus or L. casei GG prevented the C. albicans-induced increase of serum IgG in bg/bgnu/nu mice. Alimentary tract colonization by C. albicans or by probiotic bacteria and C. albicans significantly increased IgG, IgA, and IgM in sera from bg/bg-nu/ϩ mice over levels in sera from GF mice. (Table 7) .
The induction of specific serum Ig (IgG, IgA, or IgM) to C. albicans antigens was further investigated by Western blotting analyses. As shown in Fig. 2 , sera from C. albicans-colo- nized bg/bg-nu/ϩ mice (lane 2) and mice colonized with C. albicans and a probiotic bacterium species contained antibodies (IgG, IgA, and IgM) that bound to a variety of C. albicans antigens. Also, euthymic bg/bg-nu/ϩ mice diassociated with C. albicans and L. casei GG (Fig. 2, lane 3) had a more diverse serum antibody response to C. albicans antigens than did bg/ bg-nu/ϩ mice diassociated with C. albicans and either B. animalis (Fig. 2, lane 4) , L. reuteri (Fig. 2, lane 5) , or L. acidophilus (Fig. 2, lane 6) . A diverse antibody response to C. albicans antigens was detected in sera from bg/bg-nu/nu mice diassociated with C. albicans and either L. acidophilus (Fig. 2, lane 9) or B. animalis (Fig. 2, lane 10 ) that was not evident in sera from C. albicans-monoassociated bg/bg-nu/nu mice (Fig. 2, lane 8) or bg/bg-nu/nu mice diassociated with C. albicans and L. casei GG (Fig. 2, lane 11) .
In vitro lymphocyte proliferation assays showed that splenocytes from mice diassociated with C. albicans and either L. casei GG or B. animalis had less of a lymphocyte proliferative (mitogenic) response to LPS than C. albicans-monoassociated mice (Table 8) . Conversely, lymphocyte prolferation to C. albicans antigens was greater with splenocytes from bg/bg-nu/ϩ mice diassociated with C. albicans and either L. casei GG or B. animalis than with lymphocytes from C. albicans-monoassociated mice (Table 8) .
DISCUSSION
All four of the probiotic bacteria species we tested not only prolonged the survival of bg/bg-nu/nu mice after oral colonization with C. albicans compared with that of C. albicans (pure culture)-colonized mice but also decreased the incidence of disseminated candidiasis in both strains (bg/bg-nu/nu and bg/ bg-nu/ϩ) of mice. The presence of a functional thymus was not necessary for the probiotic bacteria to enhance survival and decrease the dissemination of candidiasis in these mice, since the latter protective effect was evident in athymic (bg/bg-nu/nu) and euthymic (bg/bg-nu/ϩ) mice. Consistent with the latter protective effect, inhibition of systemic dissemination of gastrointestinal pathogens has been described as an attribute of probiotic microorganisms (2, 16) .
Few studies have addressed the ability of probiotics to protect immunodeficient hosts from candidiasis. In a previous study, researchers reported that feeding heat-killed E. faecalis to mice with cyclophosphamide-induced leukopenia enhanced the recovery of their humoral immune responses to C. albicans antigens (32) . In another study, L. acidophilus and Streptococcus thermophilus protected corticosteroid-immunosuppressed mice from systemic (intraperitoneal challenge) candidiasis (6) . The latter study involved the use of immunocompetent mice that were treated with immunosuppresive agents to enhance their susceptibility to candidiasis and did not address the efficacy of probiotic protection from candidiasis of endogenous (alimentary tract) origin in congenitally immunodeficient mice. (14) 100 (7) 0 (24) 0 (24) C. albicans plus:
37 (24) 73 (11) 6 (23) (21) 0 (15) a Significantly decreased lethality compared to that of C. albicans-monoassociated control; P was Ͻ0.05.
b Significantly decreased lethality compared to that of C. albicans-monoassociated control; P was Ͻ0.01.
c -, no data because of early deaths. Our results show that probiototic bacteria can partially protect congenitally immunodeficient mice from lethal candidiasis. The four probiotic bacterial species that we studied differed in their biotherapeutic effects on candidiasis. The best overall biotherapeutic effects were observed with B. animalis. B. animalis prolonged survival compared with that of C. albicansmonoassociated controls, decreased systemic dissemination, inhibited C. albicans in the alimentary tract, stimulated antibody-and cell-mediated immunity and, in bg/bg-nu/ϩ mice, significantly decreased the incidence and severity of orogastric candidiasis. B. animalis was more effective as a biotherapeutic agent in mice with a functional thymus than in bg/bg-nu/nu (athymic) mice. Our data not only support the importance of a functional thymus in protecting mice against orogastric candidiasis but also demonstrate that B. animalis enhanced the resistance of bg/bg-nu/ϩ mice to candidiasis to a greater extent than the other three probiotic bacteial species we studied. The role of thymus-matured T cells in resistance to orogastric candidiasis has been well documented (8, 25, 34) . Further research is needed to delineate the immune and inhibitory mechanism(s) that enable B. animalis to enhance resistance of mice to mucosal and systemic candidiasis.
None of the probiotic strains we tested provided complete protection against candidiasis. It was evident from our studies that suppression of C. albicans growth in the intestinal tract by probiotic bacteria was not always associated with enhanced resistance to orogastric candidiasis. We observed that some of the probiotic bacteria inhibited the growth of C. albicans in the intestinal tract to some degree; however, the inhibition of C. albicans did not always correlate with a reduction in the overall severity of orogastric candidiasis. Two of the probiotics (L. reuteri and L. casei) are known to produce broad-spectrum antimicrobial compounds, reuterin and caseicin, respectively (1, 24) . Volatile fatty acids, such as lactic and propionic acids, and reactive oxygen species, such as H 2 O 2 , are also produced by probiotics (11, 15) , and these molecules may be inhibitory to C. albicans (14, 23) . Conjugation of bile salts by Bifidobacterium spp. is also known to produce antimicrobial substances (9) . Thus, production of molecules inhibitory to C. albicans may have played a role in decreasing the number of viable C. albicans CFU in the alimentary tracts of mice with L. acidophilus or B. animalis. The fact that L. acidophilus and B. animalis suppressed the growth of C. albicans in vivo better than L. reuteri and L. casei did suggests that they can produce Candida-inhibitory compounds in vivo. Our observation that probiotic inhibition of C. albicans growth in the alimentary tract did not always correlate with protection from orogastric candidiasis suggests that probiotic stimulation of host defense (innate and acquired) mechanisms may be more important than bacterial inhibition of C. albicans in the intestinal tract in the protection of mice from orogastric or systemic candidiasis.
Our results showed that two strains of probiotic bacteria (L. acidophilus and B. animalis) enhanced the inflammatory response (consisting of polymorphonuclear leukocytes, macrophages, and lymphocytes) in infected mucosal tissues of bg/bgnu/nu mice. Very little inflammatory cell infiltration was observed in the stomachs of bg/bg-nu/nu mice colonized with C. albicans (pure culture) or diassociated with L. casei GG or L. reuteri and C. albicans. Thus, L. acidophilus and B. animalis enhanced the recruitment of inflammatory cells to a C. albicans-infected mucosal tissue without the involvement of thymus-matured T cells. The capacity of probiotic bacteria to enhance inflammatory responses likely contributed to the prolonged survival and decreased dissemination of candidiasis we observed in these mice. We are unaware of any other reports on the enhancement of inflammatory cell infiltration by probiotic bacteria in response to an infectious agent.
We observed that either B. animalis or C. albicans could induce IgA production in bg/bg-nu/ϩ mice; however, only 
